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INfroduction
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INfroduction

Glashow (1961): Z boson

Weinberg and Salam (1967):
- local gauge symmetries SU(2), and U(1),

- Higgs mechanism (spont. symmm. breaking)
« Standard Model of electroweak inferactions

SU(2) non-Abelian = gauge boson self-couplings:

W W

W W
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INfroduction

Proper high energy behaviour for ete” - W*W-
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TGC parametrisation

Most general, Lorentz invariant
parametrisation (V=2,y):
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TGC parametrisation

Y (0)
(1+Q%1 A7)

Form factor behaviour: ¢ (Q*)=

YWW Lagrangian < YW multi-pole expansian:

electric charge: qw=eg8y
=—° (1+k_+2A
magnetic dipole moment: ”W_ZMW( K, +4,)
Qy=—(k,~2,)
electric quadrupole moment: YoM Y
=———(R,+1,)
. . w
electric dipole moment: 2My, - 7Y
e ~ ~
. MW:Mz (Ky,=24,)
magnetic quadrupole moment: W
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TGC parametrisation

14 couplings in general parametrisation
Reduce # couplings:

* Restrict to CP conserving couplings

y

«U(D), _invarionce: &=l 85=0

o SU2) xU(D), invariance (lin. realis. of NP):

V4

Kzzglz—tanzéw(xy—l) A=A, gs=0

. . Z
— 3 couplingsremain: &, kK, A,
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Signatures of New Physics

Signatures devided info two categories:
* new particles produce same final state as WW
* |oop corrections modify SM boson propagators
and verfices:
- Standard Model —» O(10)
- Models of NP of same order, but often for
specific parameter values:

supersymmeftry, two Higgs doublets models
technicolor hadrons, additional neutral gauge
bosons, composite W boson, ...
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Indirect Limits

Loop corrections to low-energy processes:

f f

w W
2%/ 20 foy
W W
f i
*Z-peak data @ LEP1: [} —1|=[x,—1]|<0.02
* Cesium weak charge:  |A|<0.02

e Other limits from: (g—2)“, b — sy, B—-KOu,...
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Direct Limits

e PEP & PETRA: e*e — vvy Vs = 30-40 GeV
-73 <k, < 36

e Limits derived by UA2, ZEUS, CDF

DD: Wy, WZ, WW  s=18TeV, A =2TeV
0.71<gZ< 157
0.78 < k, < 1.44
-020< A, <020

« LEP2 expected sensitivities Vs =22M,,= 161 GeV
lg-11= 1)1 <003
Ix-11<0.10
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LEP Collider
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LEP Collider

EP1:  1989-1994 Vs ~ 90 GeV
EP1.5: 1995 Vs = 130-140 GeV
EP2:  1996-2000 Vs = 161-209 GeV
180: |_3
Y — 700 pb

s = 2M,,, :Z 1996 H
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Vs [GeV]
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L3 Detector

Forward Backward

Muon Chambers
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L3 Detector
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L3 De’rec’ror
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L3 ex-Detector
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1GC's at LEP

e’ w
W-pair production Z
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E+ VE
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W-pair Production

CCO03 cross section:

- steep rise at threshold = 11600 WW events
-max @ 208 GeV: o=17.2pb’

Decay channels:
Jgaqg hadronic (46%)
WW — qqglv semi-leptonic (44%) with l=e,u,t
Ivlv leptonic (11%)

Backgrounds:
- 4f processes: non-resonant, single-W, single-Z, 27

- fermion pairs: gy, lI(y)
- 2-photon processes: yy — ff, hadrons
Mark Dierckxsens BNL particle physics seminar, 10/09/03
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WW — ggqq

Vs = 199.6 GeV

4 quarks jets: high multiplicity
NO MisSINg energy or momenftum
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WW — ggqq

pre-selection:

€ ~92%, = 50%

NN output > 0.6: € ~ 83-88%
T~ 79-81%
189 - 209 GeV preliminary
00T~ T 7~ T T T T T
: L3
600 - ® Data qqqq ]
: [1Signal ]
- 500_5 F10ther WW _
~ ] Background
< 3 : 2
S % (2 a7
i 300 S =min >
200 - -
100-5 _f
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Spherocity
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Events/0.02
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0 0.2 0.4 0.6

backgrounds: gq(y), ZZ
5234 events (189 <+s £ 209 GeV)

21



WW — ev

Vs = 206.6 GeV

electran g jet 2

2 quark jets: high multiplicity
energetic electron

escaping neutrino: missing energy & momentum
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WW — ggev

500 189 - 209 GeV preliminary

Cut based selection: ol L
QD.ataqqev
€ =~ 81-88%, T = 90% "% Rower ww

| | Background

'@} ]

AN 120 1

189 - 209 GeV preliminary — 1
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L%) 75 ] E |cos(0,,,..)

] backgrounds: Wev, qq(y), ZZ,
/ee, WW
120 1269 events (189 <+s <209 GeV)

Electron-Neutrino Mass (GeV)
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WW — gguv

\s = 205“.3 GeV
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2 quark jets: high multiplicity
high momentum muon (muon chambers or MIP)

escaping neutrino: missing energy & momentum
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WW — gguv

Cut based selection:

€ ~74-T1%, T = 91%

189 - 209 GeV preliminary
UL B L L BLELELE BN BLELEL
140 1 I—3—_
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o 05 1
cos 6,

backgrounds: WW, gq(y), ZZ
1187 events (189 <+s < 209 GeV)

25



WW — ggrtv

Vs = 195.5 GeV Vs = 195.5 GeV

2 quark jets: high multiplicity
tau idenftification: electrons, muons, hadrons
escaping neutrinos: missing energy & momentum

Mark Dierckxsens BNL particle physics seminar, 10/09/03 26



TV

WW —

preliminary

209 GeV

189

1 T T O
2P e < O
L — V
F— 2 O
I (@]
B ® 18 C N
B ”"qn.c.c..’ — W ~
- s
i - L S
i R o
[ o £ o~
x o] 0 = —/
& 23 a2 O
f 9 g% O s < O
g c 2§ c
[ ..& mu ..hl (3] 0 ~
i D
i m W
T T T T T T T O
o o o o o o .
10 o 0 o 0 o\
2 2 h h ol
ARD ¥/SIUIAT .m
O
~
N O
% O
_ 0
@\
.. O
O N_ - m_ 3_ 11 L \‘
= r —eo——
= R gFd > —
O - EF ——
O x I
or
OB
7p) 1 |
D R 3
o ;
- Z 5
» >f & 23
@) OF g%
6 D F ..nm mu c Q
o E 0Ow O0m
-+ o b o[ EE
D) = |
A v T T T T
o o (@] (@] o (@] o
< AN} (@) o0} © (4N}
CO"0/syu2Aay

27

1405 events (189 < s <209 GeV)
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WW — [viv

Vs = 188.6 GeV

Vs = 188.6 GeV

Al A Ay ~ 1~ )

CICCIHUIl £

No quarks: low mulfiplicity
2 leptons: electrons, muons, Taus

escaping neutrinos: acoplanar, acolinear leptons
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WW — [viv
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WW Cross Section

s > 192 GeV:

prel

iminary

3 I I I ] .' T I/
L ) .
. - Ve

e. s

20- 5 7

o(e’e >W'W(y)) [pb]

® Data
—— GENTLE

—— YFSWW3

— RACOONWW

- - - no ZWW vertex

- only v_ exchange

Measured ™V / YFSWW
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Vs [GeV]

160 170 180 190 200 210

PRELIMINARY
E 08/07/2003

183 GeV :_._ 1.030 £ 0.024
189 GeV 0.886 £ 0.014
192 GeV + 1.007 £ 0.030
196 GeV ;_._ 1.019 £ 0.020
200 GeV _..:_ 0.992 £ 0.019
202 GeV 4 1,002 + 0.025
205 GeV I 0.881 £ 0.019
207 GeV | 1,008 + 0.016
LEP combined I 0.997 + 0.010
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W Branching Ratios and \

Summer 2003 - Preliminary - [161-207] GeV

W Leptonic Branching Ratios

ALEPH e 10.95 + 0.31
GPAL - 1040 + 0.35
LEP W—ev - 10.59 + 0.17
ALEPH | o 11.11 + 0.29
L3 e 9.72 + 0.31
OPAL i 10.61 + 0.35
LEP W—pnv - 10.55+ 0.16
ALEPH e 10.57 + 0.38
L3 | TE L, 1178+ 043
OPAL - 11.18 + 0.48
LEP W—tv | o 11.20+ 0.22
LEP W—lv ¢ 1074+ 0.09

10

11 12

Br(W—lv) [%]
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Summer 2003 - Preliminary - [161-207] GeV

Br(W—hadrons) [%]

ALEPH

L3

OPAL

LEP

3Br(W—-lv)

> |V_| =0.989 +0.014

a 67.33 + 0.47
| 68.34 + 0.52
L 67.91 + 0.61
> 67.77 £ 0.28

.............

=1+(1+
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W Mass and Width

preliminary

2.75-

® Data 172-208 GeV

L3:

— 68 % CL

=95 % CL

80.2 80.4 80.6
M, [GeV]

Mark Dierckxsens
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ALEPH [1996-2000]

DELPHI [1996-2000

13 [1996-2000]

OPAL [1996-1999]

LEP

LEP working group

80.0

—- 80.379+0.058
—— 80.404+0.074
—— 80.376+0.077
—— 80.490+0.065
- 80.412+0.042
¥ /dof = 29.6 /37
80.5 81.0

M, [GeV]

[, =2.150 £ 0.091 GeV

32



TGC's from WW

How many phase space variable?

4 particles in final state 16
4-momentum consevation -4
masses of particles -4
W masses (zero width) -2
unpolarised beams (azim. indep.) -1
# independent variables )

Anomalous couplings modify:
> total cross section
> WW helicity comb.

(cos@W_,cosef,¢f,cose7,d)7) 3
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Constrained Fits

Improve resolutions by putting
constraints on the event:

a) Energy and momentum 9949  [¥5=205Gev]
conservation: A ' kir;matic fit:
Zeme e EY
5C

o) Equal W moﬁ;v-:Mvw

Fraction of Events [%]
[\
o

#
o

pgelelole} Q) =4C

»qgev & qquv: a)=1C '
O)'I‘b) = 2C ° -40 -20 rccO gen 20 40 |

Ejet - Ejf:t [GGV]

»>qqgrv: scaling jet energies to Vs/2
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Phase Space Variables: gglv

1500

+ data: qqlv 189<Vs<209 GeV

W~ production angle

* W direction from quarks <
* W charge from lepton 21000

lepton charge
measurement checked
with Z-peak calibration
data, using

[—ete, uu,

500

Number of Events/0

M
Cl—1 -0.5 0 0.5 |
cos®y,
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Phase Space Variables: gglv

$ data: qqlv [ 189<Vs<209 GeV | ¢ data: qqlv [ 189<Vs<209 GeV |
soo| L WW Clei=2 cool L] WW To o
R e P
Decay angles P — S |
e fermions boosted to  : :
parent's rest frame g z
* leptons: choose decay

angles of negative
1500 ¢ data: qqlv |1s9_9/s5209 GeV]

lepton b
(01_’¢l—)©(n_91+’n+¢l+) | .non—WW i ig=0

= =
1000 fr---=-=====-rmmmomheoooooeiERILT z

______________________

,_.
o
=
=

* quarks: no flavour
tfagging — angles
are folded

W
=3
=)

Number of Events/0.2
.
. :
Number of‘Event 0.63
.
-
.

1%
=
o

———— ]
00 0.2 0.4 0.6 0.8 1 00 1 2 3
(:oseq (])q
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Phase Space Variables: gggg

Jet Pairing:
4 jets — 3 pairs

Neural Network:

>5[ [Vs=207 GeV|
pairing:

,? 20 |:| correct
E _ @ wrong
% ;
> 15
£a
Y
@]
=
.2 10
- E
Q
s
&2

5

0

0 02 04 06 08

NN output
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€ ~77%

Number of Events/0.04

600

.
o
o

\®]
ja»]
)

[189<Vs<209 GeV|

0 0.2 0.4 0.6 0.8 1

NN output
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Phase Space Variables: gggg

i 0.5
Jet charge: ¢.= 2., (P W= production angle
2 (Poa)” 1500
; _ _p’jet + data: qqqq 189<Vs<209 GeV
par — P |_>jet |:| A E_"
single jet: € = 62% - '
-
@W- _@W+: € ~ 69% %1000
| z
4; pairing: Ls
§| |:| CO-I'I'GCt ia
5| Q, meas. =
o 2k
g checked
£ with qguv:
| Aele = 4% 0
0_

QW- N QW+
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Phase Space Variables: gggg

Decay angles

. data: 189<Vs<209 GeV
000l ¢ data:qqqq | 189<Vs<209 GeV 5000 |- t 9999

-------

-------

.

N

-

o
|

Number of Events/(.2
= %
S S
g l
Number of Events/0.63

N

-

=
|

-------
S —_———_———_——_——= s S e L e e e ===
_______

oooooooo

-

d
1000 [

_______

500 -

0 0.2 0.4 0.6 0.8 1 0 1 2 3
c:os@ql q)ql
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Phase Space Variables: [viv

* Decay involves at least 2 neutrinos

* When no W — 1v, only 6 unknowns:
decay angles can be reconstructed

Angle between lepton and 0
parent W, a,, is related 1o “

lepton energy E; N
1 My o1
COS X, =—— (——B)

g Y 2E.\B V
2 cones: infersection gives 2 W directions

resolution and finite width effects:
Imaginary solutions, take real part

Mark Dierckxsens BNL particle physics seminar, 10/09/03 40



Phase Space Varigbles: Iviv

100! ¢+ data: Ivly
JL signal
' ' ' g F71 background
Each solution enters with weight 2 < |10 g515
e BBl gi=05
i
¢ data: Ivlv g +
J L signal E 55 + !
N 80| 71 background ! '
] £ 67205 O 05 0 0.5 1
g €0 5 S BITVYes | cosO,_
= focdee s
¢ data: Ivlv
E """" T 1007_|_L signal
o + A F71 background
- = L ogi=1s
= - + 3
Z. IS
i
:
0 b7 : | ! 77 % o z
-1 -0.5 0 0.5 1 . o s T
COS@W_ 0 2 4 6
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Fit Method

104 ¢ qq4q9 7 qqev
' ' Al — SM value — SM value
Reweighting events: TR | v O | S —
4][ 5 10 2 :I'j-’_;' "-,'-I ....................
_ |72, y)
W(L[J)— CCo3 2 8 10
|M (Q’(IJMC) | % 1 [ E
g 04 qquv | qqev
e 3/ from EXCALIBUR 0 &
* signal events CCO03, takes 0% 115,
infto account all 4f diagrams ' F 1 & "
1 Tt i E'R: Wl 3 20 A £l RO 1] =
S 6 g8 0 2 6 3

Event weight

Binned maximum likelihood fit fo 5-dim phase space:

bins

sig + back
L= HP Niu(w)) > (N wn<w>)
gen nebini

Fit each decay channel and Vs separately

Mark Dierckxsens
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TGC's from WW: results

I-parameter fits, only statistical errors (68 % CL)

z 2
161 <+s <209 GeV K,=g; —tan 0, (k,—1), A,=A
9999 - . | ——
qqev — —— ——
qquv —e— . ol
qqtv g —— ——
comb —A— —A— A
0% S S 1 T ¥ S B B S 02 0 02
gf K, Ay

6, =003  o,_=0064 o, =0038

stat stat

lviv channel not used:
6(9,) =+0.19, o(x) = £0.50, (1) = £0.14

Mark Dierckxsens BNL particle physics seminar, 10/09/03
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TGC's from WW: results

with constraints:
9% = 0.927 +0.035 +0.021

K, = 0.850+ 0.064 + 0.040
A, = -0.057 +£0.038 +0.023

NO constraints:
g’ = 0.00+0.15+0.06

K, = 0.871+0.059 +0.035
A, = -0.100 % 0.067 + 0.036

b

stat.  syst.

SM=1)
SM=1)
(SM =0)

(SM =0)
SM=1)
(SM =0)

Mark Dierckxsens BNL particle physics seminar, 10/09/03
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TGC's from WW: results

Sources of systematic uncertainties:

* Largest contributions:
- charge measurement W-lv with Z-I*; W—qqg with gguv

- MIC statistics divide up large MC samples
- quark fragmentation compare JETSET, HERWIG, ARIADNE

* Modest contributions: 5. do/dcos®
- modelling of signal and background W

1.1

- initial and final state radiation o offset = 0.998 140.0022
g slope = 0.004010.0034
* Small contributions: 5 ﬂ o -
- jet and lepton reconstruction  § W K
- W mass and width [
~ RacoonWW/YFSWW

o
O

- Bose-Einstein correlations 97 05 0 0.5

- Colour reconnection cos®

BNL particle physics seminar, 10/09/03 45
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Wev Selection
e'e — e*v W~
- e* scaftered at low polar angles
- signafures: W decay products, p, imbalance

Hadronic decays: W — g Leptonic decays: W — |v

Pre-selection + NN selection of single lepton
/40 candidates 121 candidates
150 L3 g?iaegaepzog GeV 50é L3 ° ESE|J:|61-209 GeV
— - 40j@ =
8 100 9 (CB ] Background
2 o 307 -
2% = y
CIC.) 9 20_'
Z s bh 5 ] 1
iﬁf LL 10_: LL
0 0.2 0.4 0.6 0.8 1 Ob 20 40 60 O 100 120
NN output Lepton energy [GeV]
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Wev cross section

2 1 ® Data L3
phase space cuts: [
|cos 0, ,|>0.997 1.5 %2 gggii
min (E ;,E;)>15GeV _ |
cos 0, _|<0.75 (e v,e V) 'ﬁ_ : o
= -
5
hadronic: € ~ 41-53% el
T =~ 20-24% '
leptonic: € = 48-54%
T = 56-63% 150 160 170 160 190 200 210

Vs [GeV]
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TGC's from Wev

2.5 @
* Same fit method as for W-pairs 2|
* phase space: 5 15
- hadronic: Neural Network output = 1
- lepton: energy spectirum 051 ww
e dominant systematic error: e /13
' o) 0 0.5 1 1.5 2 2.5
uncerfainty o, . + 9% "
. . 2.5 ®)
* 156 out of 740 hadronic single-W 1
events also in gglv selections: .
/5% WW R
/%  single-W |
0.5
18% background oW
: : 01l evwsww o\ |_3
combination: events only accepted "+ w5 o o5 1
in WW selections g
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Combined L3 results

o
Q? dependence? 0.5 {
single-W: @@=M2, 4 _ﬂ —
W-pairs: Q2 = s } ¥
05| ¢ ef-l |
F -l
R
-10 10000 20000 30000 40(|)00
161 GeV <+s <209 GeV: Q® [(GeV/e)]
912 Kv kY
Wev . 1.179+£0.078+0.067 0.30 + 0.15 + 0.08

WW 0.927+0.035+0.021 0.850+0.064+0.040 -0.057+0.038+0.023
Combined 0.927+0.035+0.021 0.972+0.064+0.021 -0.057+0.037+0.022
SM=1) (SM = 1) (SM =0)
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Combined L3 results
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The W boson

* magnetic dipole and electric quadrupole moment;

e

U, = l+Kk_+A u., =(1.960+ 0.076 =(1.245+0.048)- 10 " u
w ZMW( b% y) 4 ( )2MW ( ) B ~
p=0.49
e e _
QW=M2 (k,—2A,) QW=(1.O6iO.11)M2 =(3.18+0.33)- 10 e m 2

w

w

* Assume W boson is ellipsoid with
homogeneously distriouted charge:

(a+b) Ouy

v 2 u, M, &= difference

(a’>—b )=§5QW wrt SM value

R

Ay = >

R,=(—1.0x19)-10""m
A,=(042+0.84)-10"°m?
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Combined LEP results

ALEPH DELPHI L3 OPAL LEP

3

A-InL

LEP preliminary

A-InL
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-0.047
+0.021
A, =-0.016 *gon;
g7 =0991 Yo

08 09 1 11 1.2

[P p—— KY
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LEP vs Future

95% CL upper limits under assumptions:
» Tevatron: D@ + CDF, scaling to 10 fbo', A.=2 TeV

» LHC: ATLAS+CMS, 800 fo!, A.= 10 TeV
> TESLA: e*e- mode, polarised beams, 500 fb' @ Vs = 500 GeV

-1 -1 -1
10 10 10
Z
&1 Ky Ay
. 2 -2
10 2 10 10
. 3 -3
10 3 I 10 I 10
) -4 l -4 I l
10 * l 10 10
LEP Tevatron LHC TESLA LEP Tevatron LHC TESLA LEP Tevatron LHC TESLA
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Conclusions

v Measurements of Triple Gauge-boson
Couplings: direct test of the non-Abelian
nature of electroweak theory

v Results from W-pairs and single-W's
were presented

v Strength and structure of the trilinear
verfices are in agreement with the
Standard Model predictions

v W boson is pointlike down to scales of 10" m

v Significant improvements expected
fromn LHC and LC
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